1. Administration of a large dose (500mg/kg body wt.) of 3H-labelled L-ethionine to rats resulted in the incorporation of a small amount of radioactivity into the liver DNA. Considerable evidence that this radioactivity was not due to con. tamination of the isolated DNA with labelled protein, RNA, S-adenosyl-L-ethionine or L-ethionine was obtained. 2. After acidic hydrolysis of the DNA isolated from the livers of rats treated with labelled L-ethionine, virtually all of the radioactivity present in the DNA was found in a fraction with similar chromatographic properties to 7-ethylguanine. 3. Treatment of rats with comparable doses of L-methionine did not lead to the formation of 7-methylguanine in the liver DNA. 4. These results are discussed in relation to the induction of liver tumours by ethionine.
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Prolonged feeding of the amino acid, ethionine, to rats has been shown to result in the production of hepatomas (Farber, 1963) . The discovery that ethylation of RNA and protein takes place in the livers of rats treated with ethionine (Farber & Magee, 1960; Stekol, Mody & Perry, 1960; Natori, 1963; Farber et al. 1967a; Rosen, 1968; Friedman, Shull & Farber, 1969) supports the possibility of a common mechanism for the induction of cancer by ethionine and compounds as chemically dissimilar as nitrosamines, polycyclic hydrocarbons and aromatic amines which share the ability to produce intermediates reacting with components of the tissue in which they produce cancer (Miller, 1970) . Although many of these carcinogens are known to interact with DNA, reports on the reaction between ethionine and DNA are conflicting. The ethylation of DNA in the livers of rats treated with ethionine was reported by Stekol et al. (1960) and by Stekol (1965) , but both Farber, McConomy & Frumanski (1967b) and Ortwerth & Novelli (1969) failed to confirm this finding. The experiments reported here show that administration of large doses of ethionine to rats produced a small but definite ethylation at the 7-position of guanine in liver DNA but that comparable doses of methionine did not produce 7-methylguanine. allowed free access to water but no food after the injection. After 7 h from the time of injection, they were killed and the livers rapidly removed and used for the preparation of nucleic acids. Another five rats (200g) were each given 5ml of water containing 1OOmg of L-[Et-1-3H]ethionine (1.63mCi/mmol) by intraperitoneal injection. The solution of ethionine utilized in this experiment was found to contain an appreciable amount of ethionine sulphoxide (15% of the total) but no other radioactive impurities by paper chromatography (solvents 1 and 2). Throughout the period after administration of the labelled amino acid the rats were starved but allowed free access to water. After 18h from the time of injection, the animals were killed and nucleic acids isolated from the liver. This experiment in its essential details was repeated three times.
EXPERIMENTAL
Preparation of nucleic acid8. RNA and DNA were extracted from homogenates of the livers of the treated animals and purified by the procedures described by Swann & Magee (1968 Paper chromatography. Paper chromatograms were run in the descending manner on strips (4cm x 60cm) of Whatmann 3MM paper. The solvents employed were: 1, butan-l-ol-acetic acid-water (25:4:10, by vol.); 2, 2-methylpropan -2-ol-butan-2-one-diethylamine-water (10:5:1:10, by vol.); 3, butan-l-ol-aq. NH3 (sp.gr. 0.88)-water (86:5:9, by vol.); 4, propan-2-ol-conc. by vol.) . Solvents 1 and 2 (Ortwerth & Novelli, 1969) were used to investigate the purity of the samples of ethionine used in these experiments. Solvents 3 and 4 were used for the separation of alkylated purines and pyrimidines.
Determination of radioactivity. All radioactivity measurements were made in a scintillation counter (Packard Instrument Co., La Grange, Ill., UJ.S.A.). The scintillation fluid contained 0.6% 2,5-diphenyloxazole in toluene (w/v). The counting efficiency was determined either by the addition of known amounts of labelled toluene to the samples or by the method of pulse height shift (Baillie, 1960) .
Chromatograms of radioactive materials were cut into segments 1 cm across and the segments were covered with 15ml of scintillation fluid and the radioactivity was determined. Other samples were dissolved in 0.5 ml of 1 m-Hyamine in methanol and the radioactivities counted in the presence of 10ml of scintillation fluid. RESULTS DNA isolated from the livers of rats that had received a large dose (500mg/kg body wt., 1 mCi/ animal) ofL-[Et-1_3H]ethionine 18 h before death was found to contain a small amount of radioactivity. The total yield of DNA from the five rats in this experiment was 58mg and the specific radioactivity was 9.7 d.p.m./mg (two other experiments in which the dose of ethionine was 750mg/kg body wt. gave similar results). Half of the sample of DNA was hydrolysed to free purine bases and pyrimidine nucleotides and chromatographed on Dowex 50. As shown in Fig. 1 all of the radioactivity present in the sample was eluted from the column in a region coincident with a sample of 7-ethylguanine added to the DNA sample after hydrolysis. No radioactivity was found in the pyrimidine nucleotide fractions or in the fractions corresponding to guanine and adenine. The other half of the DNA sample was also hydrolysed and separated on the Dowex 50 column, but in this case the fractions containing 7-ethylguanine were combined, evap- material has not been identified but could represent a degradation product formed from 7-ethylguanine after the evaporation to dryness of the acidic samples from the column. Whatever the nature of this material, the DNA extracted from rats that had received a single dose of 500mg/kg body wt. of ethionine contained some material with the properties of 7-ethylguanine. Assuming that the specific radioactivity of the 7-ethylguanine was similar to that of the administered ethionine, the 7-ethylguanine present in the rat liver DNA amounted to 2.5pmol/mg of DNA or 1/230000 guanine residues.
Analysis of a hydrolysate of DNA isolated from rats that had received a large dose (800mg/kg body wt., 1 mCi/rat) of L-[Me-3H]methionine by chromatography on Dowex 50 columns is shown in Fig. 2 . There was considerable incorporation of radioactivity into the fractions corresponding to pyrimidine nucleotides, guanine and adenine but there was no label present in 7-methylguanine. This finding is in agreement with earlier reports that no 7-methylguanine could be detected in normal rat liver DNA (Shank & Magee, 1967; Craddock, Villa-Trevino & Magee, 1968; Swann & Magee, 1968) and also shows that within the limits of detection (0.5pmol/mg of DNA) there was no 7-methylguanine formed after the administration of a very large dose of methionine to normal rats. As the amount of alkylation of liver DNA detected after the administration of ethionine was very small, it was of great importance to rule out artifacts due to contamination of the DNA with other cellular constituents. Such compounds that would be expected to be present in the liver and to become labelled after the administration of L-[Et-1 3H]ethionine are RNA, protein, S-adenosyl-Lethionine and ethionine itself. The experiments described below provide strong evidence that contamination with these compounds is not responsible for the observed labelling of DNA.
It is unlikely that ethionine would remain bound to the DNA throughout the precipitation steps involved in the preparation and ethionine is separated from 7-ethylguanine by the chromatographic systems used for the analysis of the hydrolysed DNA. However, S-adenosyl-L-ethionine is known to accumulate in large concentrations in rat liver after the administration of ethionine (Farber, 1963 (Farber, , 1967 Stekol, 1965) and sinceS-adenosyl-L-ethionine has a strong positive charge at neutral pH it is possible that it could become bound to the DNA and remain with it throughout the preparative procedure. After acidic treatment, this bound S-adenosyl-L-ethionine could be degraded to labelled material which co-chromatographs with 7-ethylguanine. This possibility was examined by adding 0.05,umol of S-adenosyl-L-[Et-1-4C]ethionine (0.21 ,uCi) to 20mg of rat liver DNA, hydrolysing the mixture by heating in IM-HC1 at 1000C for 1 h and separating the radioactive products by chromatography on Dowex 50. As shown in Fig. 3 , after this treatment 75% of the radioactivity was present in unchanged S-adenosyl-L-ethionine which was removed from the column only by washing with 5M-HCI. S-Adenosyl.L-methionine is known to be much more stable to acid hydrolysis than most nucleosides (Parks & Schlenk, 1958) and the observation that the ethyl analogue is also resistant to acidic hydrolysis is therefore not unexpected. Four other radioactive products were formed from the degradation of the S-adenosyl-L-[Et-1-14c]-ethionine and separated on the Dowex column but none of these coincides with 7-ethylguanine (Fig. 3) .
A third possibility is that the isolated DNA is contaminated with protein. Liver proteins are known to contain ethionine and certain ethylated amino acids after the administration of ethionine (Stekol et al. 1960; Natori, 1963; Farber et al. 1967a; Friedman et al. 1969; Ortwerth & Novelli, 1969) . However, it is unlikely that the mild acid hydrolysis utilized in these experiments would be sufficient to degrade such contaminating proteins to free amino Vol. of effluent (ml) Second, Fig. 4 shows that the RNA isolated from rats injected with 1OOmg of L-[Et-1_3H]ethionine (1.63mCi/mmol) could be resolved into four radioactive peaks after hydrolysis and analysis on Dowex 50. In addition to considerable radioactivity in 7-ethylguanine there were radioactive peaks corresponding to the pyrimidine nucleotide fraction and two other regions preceding 7-ethylguanine. [These peaks appear to correspond -to 5-ethylcytidylic acid, 5-ethyluridylic acid and ethylated ribose, N2N2-diethylguanine and an unidentified purine, and N2-ethylguanine respectively (Rosen, 1968; A. E. Pegg, unpublished work) .] It is most unlikely that the isolated DNA could be contaminated with an RNA species containing only one of these ethylated products and since there was no trace of radioactivity in any fraction from the chromatography of hydrolysed DNA except that corresponding to 7-ethylguanine it is very probable that the observed 7-ethylguanine did originate in the liver DNA.
DISCUSSION The experiments reported in this paper confirm earlier observations that after the administration of ethionine to rats the liver RNA becomes ethylated to a much greater extent than the DNA (Natori, 1963; Farber et at. 1967a; Ortwerth & Novelli, 1969) . However, the present work strongly suggests that as a result of a single dose of ethionine there P. K SWANN AND OTHERS was a small but definite ethylation of DNA. This finding and that of Stekol (1965) (Stekol, 1965) . With the large dose, S-adenosylethionine, a known metabolic ethyl donor, accumulates in large amounts in the liver (Farber, Shull, Villa-Trevino, Lombardi & Thomas, 1964; Smith & Salmon, 1965; Shull, McConomy, Vogt, Castillo & Farber, 1966) .
The mechanism by which 7-ethylguanine was formed in liver DNA after the administration of ethionine is obscure. Since large amounts of S-adenosyl-L-ethionine accumulate in the liver under these conditions (Farber et al. 1964; Smith & Salmon, 1965; Shull et al. 1966) , it has been suggested that the ethylation of RNA and proteins is catalysed by the action of enzymes that normally utilize S-adenosyl-L-methionine as a donor of methyl. groups to methylate these macromolecules (Farber, 1967; Hancock, 1968; Stekol, 1965) . If this is correct, ethyl groups should only be found at the same sites of the macromolecules as those that normally contain methyl groups. 7-Methylguanine was not detected in normal rat liver DNA (Shank & Magee, 1967; Craddock et al. 1968; Swann & Magee, 1968) and 7-methylguanine was not found in rat liver DNA after the administration of a large dose of methionine in the present work. Further, no enzyme catalysing the methylation of DNA at the 7-position of guanine and utilizing S-adenosyl-L-methionine as a methyl donor has been described. These results suggest that the ethylation of DNA by ethionine may not be mediated by the action of a methyltransferase acting with S-adenosyl-L-ethionine as a donor of alkyl groups. Ortwerth & Novelli (1969) have suggested that the ethylation of RNA in vivo by ethionine is not mediated through the RNA methyltransferases and that new and as yet unknown mechanisms are used. The presence, in the liver of rats treated with ethionine, of an ethylating agent of sufficient power to act directly on the DNA would explain the predominance of ethylation on the N-7 position of guanine since this position is the most favoured for direct chemical alkylation of polynucleotides (Lawley, 1966) , and may also explain the difference between the effects of methionine and ethionine in alkylation of DNA. However, it should be emphasized that in experiments with rats with methionine conditions can never be entirely analogous to those with large doses of ethionine. When a large dose of ethionine is given, S-adenosyl-L-ethionine accumulates in large amounts in the liver (Farber et al. 1964; Smith & Salmon, 1965; Shull et al. 1966) , whereas in the rat the amount of S-adenosyl-L-methionine cannot be raised to the same degree by administration of a large dose of methionine (Farber et al. 1964; Shull et al. 1966 (Borek & Srinivasan, 1966; Kappler, 1970) and enzymes catalysing the transfer of methyl groups from S-adenosyl-Lmethionine to certain cytosine residues in DNA have been isolated from bacterial and mammalian cells (Gold & Hurwitz, 1964; Borek & Srinivasan, 1966; Oda & Marmur, 1966; Kaye, Fridlender, Salomon & Bar-Meir, 1967; Kalousek & Morris, 1969) . Our results therefore imply that the enzyme responsible for this reaction in rat liver does not utilize the S-adenosyl-L-ethionine formed after ethionine administration for the formation of 5-ethylcytosine. This finding is in agreement with the observation that S-adenosyl-L-ethionine could not substitute for S-adenosyl-L-methionine in the formation of 5-alkylcytosine in DNA by a purified enzyme from rat spleen (Kalousek & Morris, 1969) . However, this result is not conclusive since it is known that formation of 5-methylcytosine in DNA of mammalian cells takes place shortly after synthesis of the DNA (Burdon & Adams, 1969; Kappler, 1970) and the effect of the large dose of ethionine on the rate of DNA synthesis in the liver was not determined. The demonstration that ethionine does react with the DNA of the tissue in which it can produce tumours implies that DNA cannot be ruled out as the 'target molecule' of this carcinogen. However, the significance of the formation of 7-ethylguanine in liver DNA in the hepatocarcinogenic process cannot be evaluated at present. The degree of ethylation produced by a single injection of ethionine was very much less than that found when other carcinogenic ethylating agents such as diethylnitrosamine and N-ethyl-N-nitrosourea were administered (Swann &Magee, 1970) but these com-pounds are more potent and versatile carcinogens than ethionine (Druckrey, Preussmann, Ivankovic & Schmahl, 1967; Magee & Barnes, 1967) . The procedure normally used to produce hepatomas in rats with ethionine requires a diet containing 0.25% ethionine to be fed for 4 months (Farber, 1963) . During this time a more substantial degree of ethylation may occur, and other sites of ethylation that were not detected in the present experiments may also be attacked. The 7-position of guanine is known to be the most reactive site in nucleic acids towards attack by alkylating agents in vitro (Lawley, 1966) , but there is poor correlation between the carcinogenic activity of methylating agents and the amount of 7-methylguanine which each produces in vivo (Swann & Magee, 1968) . Other minor products of this attack may be of more importance in affecting the biological activity of nucleic acids (Singer & Fraenkel-Conrat, 1969; Loveless, 1969; Ludlum, 1970a,b) . The production of 7-ethylguanine in the DNA of rats treated with ethionine may, therefore, be of importance only in revealing that formation of an intermediate capable of reacting with DNA has taken place.
